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We present results of barium hexaferrite powder mass consumption across a wide range of starting powder
quantities and deposition times. From these results we develop a transfer eﬃciency ﬁgure of merit to describe
deposition eﬃciency and growth rates applicable to aerosol deposition and similar spray deposition techniques.
We ﬁnd that the transfer eﬃciency of barium hexaferrite was 0.082% and the transfer eﬃciency rate coeﬃcient
was 0.056 min −1 with a decay factor of −0.773. As a means to further understanding the deposition eﬃciency
we present ﬂow simulations of an aerosol deposition system using diﬀerent particle sizes and standoﬀ distances.
We ﬁnd that impact with the substrate strongly depends on the particle size, particle location within the nozzle,
and standoﬀ distance. We ﬁnd that the values in the simulation are consistent with those used to produce ﬁlms
with the aerosol deposition system used at the Naval Research Laboratory and consistent with values found in
the literature. We ﬁnd that to improve the transfer eﬃciency nozzle design must be optimized, particle size must
be carefully selected, standoﬀ distance must be selected, and the powder in the aerosol chamber must be delivered at an optimal rate. These factors may be individually tuned to contribute to the ﬁnal transfer eﬃciency
ﬁgure of merit that can be used to assess the eﬃciency of the aerosol deposition process.

1. Introduction
Aerosol deposition (AD) is a technique that rapidly produces dense
polycrystalline ﬁlms that are several microns thick. One hallmark of AD
is that the entire process occurs at room temperature, thus enabling
integration of high-melting-temperature materials with low-meltingtemperature materials. The process was developed in the late 1990s by
Jun Akedo et al. [1] building on earlier work in the 1980s [2,3]. The
application arena for AD ﬁlms are numerous; some include, piezoelectrics [4], biomedical implants [5], abrasion coatings [6], electromagnetic interference shielding [7,8], rf circuitry [9], and corrosion
resistance [10]. Additional background can be found in reviews of
AD [11,12]. As AD develops from the laboratory scale to the industrial
scale a detailed understanding of the system properties and mechanisms
of the growth process become increasingly important for maximizing
deposition eﬃciency and in tuning the parameters for each material
growth. This motivates the need to develop a fundamental understanding of the process parameters and to develop a ﬁgure of merit
(FoM) for comparison within the ﬁeld of AD and between other spray
deposition techniques.
There have been some eﬀorts on simulating and measuring the gas
and particle ﬂow from nozzles in AD and cold spray. Gas and particle

*

velocities for cold spray were estimated using an isentropic gas ﬂow
model that provides a framework for analytical calculations of gas velocities [13,14]. Reports speciﬁc to AD include an experimental apparatus to measure the impact velocity of 30–70 nm silver particles and
Pb-Zr-Ti-O (PZT) particles. The velocities were found to be 650 m/s and
200 m/s, respectively indicating that ceramic particles require much
less velocity to deposit than metallic particles [15]. Estimates of the
impact velocity based on the carrier gas were also reported to vary
between 150 and 500 m/s for α-Al2O3 and PZT particles [12]. More
recent work using numerical simulation of Al2O3 particles between 0.5
and 15 μm in size suggests that particle velocity can be tuned both by
the particle size and pressure in the deposition chamber [16]. Simulations of gas ﬂow using diﬀerent nozzle sizes, chamber pressures, and
substrate standoﬀ distances also suggest the importance of tuning these
parameters to optimize the gas ﬂow [17]. Later, these parameters were
correlated with experimental results of deposition of 3 μm diameter
TiO2 particles with a standoﬀ distance of 15 mm [18]. More recently,
computational ﬂuid dynamic CFD simulations of gas ﬂow with 0.5 μm
diameter Al2O3 particles were performed for a range of standoﬀ distances and pressures. They found that the average impact velocity of
the particles were between 335 and 346 m/s for standoﬀdistances between 1 and 7 mm, respectively. They compared experimental results
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Nomenclature
A
AC
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BaM
Cs
CFD
D
DC
E
FCT
FoM
GSV
I
KIMS
NRL
P
PZT
Re
T
T
TE
f
l
m
rf

t
v
w
x
y
β
γ
λ
μ
ρ
τ

Coeﬃcient of transfer eﬃciency
Aerosol chamber
Aerosol deposition
Barium hexaferrite
Stokes drag coeﬃcient
Computational ﬂuid dynamic (simulation)
Diameter
Deposition chamber
Total speciﬁc energy (internal plus kinetic)
Flux-corrected transport
Figure of merit
Granule spray in vacuum
Identity matrix
Korean Institute of Materials Science
Naval Research Laboratory
Pressure
Pb-Zr-Ti-O compounds
Reynolds number
Temperature
Thickness
Mass transfer eﬃciency
High velocity correction term
Length
Mass
Radio frequency

Time
Gas-phase velocity
Width
Longitudinal position
Axial position
Exponent of the time dependence of transfer eﬃciency
Ratio of the speciﬁc heats
Thermal conductivity
Gas-phase viscosity
Density
Viscous stress tensor

Subscripts and superscripts
Boundary
Final condition
Properties pertaining to the ﬁlm
Initial condition
Particle index in simulation
Particle
Relative
Spray feedstock
Substrate
Nozzle sweep
Symmetric part of tensor
Eﬀective value

b
f
ﬁlm
i
j
p
rel
stock
sub
sweep
sym

′

that found that the ﬁlm thickness decreased with increasing standoﬀ
distance [19]. These eﬀorts suggest that particle type, particle size,
chamber pressure, nozzle design, and standoﬀ distance all play an important role in understanding and controlling the deposition process.
There has been very little reported on the eﬀect of powder mass
ﬂow through the nozzle. Studies of milling and heat treatment of the
powders have been done [20,21], however no fundamental study of the
mass ﬂow in AD systems has been found in the literature. In this work,
we report experimental results that relate powder mass consumption
and ﬁlm thickness and we use these results to develop a mass transfer
eﬃciency FoM. We include results of simulations of particle ﬂow near
the substrate that suggest particle impact is strongly governed by
standoﬀ distance and particle size. We synthesize these results to suggest that the mass transfer rate is also an important parameter in ﬁlm
formation of AD systems.

∂ρE
+ ∇⋅(ρE + P ) v = ∇⋅λ∇T
∂t
The viscous stress tensor, τ, is deﬁned as

τ = μ (∇v )sym −

2
μ (∇⋅v ) I
3

The Sutherland expression is used for expressing viscosity as a
function of temperature,
3/2

T
⎞.
μ (T) = 1.458 × 10−5 ⎛
⎝ 110+T ⎠
⎜

⎟

We assume the Prandtl number is 1 to calculate the thermal conductivity of the gas. To close these equations, we assume a calorically
perfect gas and the ideal gas relation:

ρE =
2. Materials & methods

P
1
+ ρv 2.
γ −1
2

Single particles are tracked using a Lagrangian particle-tracking
procedure. The particle is characterized by its mass mp,j, diameter Dp,j,
location xp,j and velocity vp,j. The single-particle equation of motion is

2.1. Numerical procedure
The numerical simulations focus on the particle paths as they pass
through the nozzle and impinge on the substrate in the deposition
chamber. Because of that, we only model the deposition chamber, as
well as the channel between the aerosol chamber (AC) and deposition
chamber (DC).
For these simulations, the volume fraction is assumed to be low
enough that we have only one-way coupling of the gas-phase to the
dispersed-phase. The gas-phase follows the viscous Navier-Stokes
equations in conservative form for a compressible gas:

m p, j

dvp, j
dt

= 3πDp, j μ (v − vp, j ) f (Rep, j)

where v is the gas-phase velocity, μ is the gas-phase viscosity, and Rep,j
is the Reynolds number based on the slip velocity, vrel,j = (v − vp,j). The
high velocity correction term, f(Rep,j)is the ratio of the actual coeﬃcient
of drag to the Stokes drag coeﬃcient, Cs,j = 24/Rep,j and has been the
subject of extensive research. The simplest high velocity correction
term is the Schiller and Naumann law [22], expressed as

f (Rep, j) = (1+0.15 Re0.687
p, j )

∂ρ
+ ∇⋅ρv = 0
∂t

This correlation works well for Reynolds numbers under 800. For
particles on the order of one micron, the Reynolds number will always
be well below 800.
For the gas-phase, the ﬂux-corrected transport (FCT) algorithm of
Boris and Book [23] is used, which is especially suited for high-speed

∂ρv
+ ∇⋅ρv ⊗ v = −∇P + ∇⋅τ
∂t
2
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ﬂow. The version of the algorithm used for the results reported in this
article is described in detail in NRL/MR/6410-93-7192 [24]. The current algorithm uses domain decomposition for computing the gasphase [25]. This method is very eﬃcient and scalable for explicit timeintegration techniques such as the FCT algorithm. The geometry for the
nozzle, substrate, and substrate mount is included using the VirtualCell-Embedding technique of Landsberg and Boris [26]. For the tracked
particles, the 4th-order Adams-Bashforth and Adams-Molton predictorcorrector schemes are used for the time integration.

30

2.2. Simulation and experimental details
Simulation is based on the geometry of an AD system built at the
Naval Research Laboratory (NRL), Washington, DC, USA and described
in the literature [27,28]. Simulations were accomplished for a two-dimensional domain that included both the DC and the channel between
the AC and DC. Two separate domains are used for the two regions, and
then patched together at x = 0 mm. The solution domain goes from
−94.7 mm (94.7 mm before the start of the deposition chamber) to
325 mm in the x-direction, and from y = 0 (centerline) to y = 60.45 mm
at the top of the deposition chamber. The nozzle throat is at
x = 141 mm, and the substrate is either 7.5 mm or 10 mm from the
nozzle throat. The resolution at the nozzle throat is 0.2 mm and at the
substrate is 0.05 mm. The grid dimension for the channel zone is
200 × 57, or 11,400 cells, and for the deposition chamber is
1627 × 293,or 476,711 cells. The full domain is shown in Fig. 1. The
upstream stagnation pressure and temperature are held at 500 Torr,
300 K. The downstream back pressure is held at 1 Torr. The simulation
is ﬁrst run with the gas-phase only to create a steady-ﬂow. Once this is
set up, particles or tracers are placed in the channel at x = 130 mm
(ahead of the throat), and are distributed in 0.25 mm intervals from the
centerline to the outer wall of the channel. They are initialized with the
gas-velocity at their respective location.
Powder consumption and deposition eﬃciency were found by depositing barium hexaferrite (BAM) Trans-Tech, Inc., Adamstown, MD,
USA using a custom AD system at the Korean Institute of Materials
Science (KIMS), Changwon, Gyeongnam, S. Korea and is described in
the literature [29,30]. The BaM powder was heat treated at 1000 °C for
2 h. Powders were sieved to sizes below 106 μm using a number 140
size sieve mesh then weighed before loading into the AC to obtain the
initial mass. The ﬁnal mass was determined by weighing the remaining
contents of the AC after each run. Each run was performed on glass
using a 35 mm × 0.4 mm deLaval nozzle. The gas was medical grade
dried air and was supplied through the AC at 10 lpm and through a
supplementary line at 3 lpm as described in [30]. The standoﬀ distance
from the nozzle to the substrate was 10 mm. Films were measured at
several points using a stylus proﬁlometer and the average thickness was
used in this study. The total deposition time was calculated from the
number of sweeps based on the sweep length of 10 mm and sweep
speed of 5 mm/min.
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Fig. 2. A plot of the ending powder quantity removed from the AC versus the starting
quantity loaded into the AC for several deposition. The dashed line is a linear ﬁt to the
data (R2 = 0.956) suggesting that the powder consumption is relatively ﬁxed regardless of
the quantity of powder used. The diﬀerent point colors and shapes indicate the time
duration of each run. The inset is a plot of the powder consumption (initial powder mass
minus ﬁnal powder mass) versus time. The diﬀerent point colors and shapes indicate the
initial starting mass. The inset data show no apparent correlation between time and
powder consumption. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

the deposition run versus the initial powder mass loaded into the AC
before the run. The data are for 41 depositions of BaM performed under
identical conditions ranging from 2 to 32 min in deposition time as
indicated by the colored points. The data show a correlation
(R2 = 0.956) between the starting and ending quantities of powder
based on the linear ﬁt line shown. The plot and good ﬁt suggest a linear
relationship between the amount of powder loaded into the AC and the
amount that remains after the run. The slope of the ﬁt line is 0.8 and on
average, for all of the depositions performed, 64% of the BaM powder
initially loaded into the AC remains after the deposition. This average is
lower, but comparable to the slope of the ﬁt line. The ﬁt line can be
interpreted as a broader measure of the powder consumption for BaM in
this system, because it tracks consumption across many starting powder
quantities and deposition times. In general, we might expect a slope to
approach 1 for a system (or material) that has very little or no consumption and to approach 0 for a system that consumes all the powder
in the AC. This relationship gauges consumption for this particular
system material, but may be applied to other systems and materials as a
basis for understanding powder consumption more generally in the AD
process.
In this study the mass of the powder is used, but it may be worthwhile to add that loading the same amount of powder into a larger (or
smaller) AC may produce diﬀerent results. It is reasonable then to
consider the volume of the AC (and possibly the volume of powder
loaded into the AC) as a more accurate parameter related to powder

3. Results & discussion
3.1. Mass consumption
Fig. 2 is a plot of the ﬁnal powder mass removed from the AC after

Fig. 1. Full domain solution for deposition chamber and channel.
Spacing between nozzle and substrate is 10 mm.
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3.2. Deposition eﬃciency in AD systems

consumption. While the volume of the AC (546 ml in this study) can be
accurately measured, an accurate value of powder volume may be more
diﬃcult to obtain, since it depends on the packing density. Future work
may include examining the powder consumption using various volume
sizes of the AC.
The inset of Fig. 2 shows the mass consumption (initial powder mass
minus ﬁnal powder mass) plotted against time. The colored points indicate the initial powder quantity. Examining this plot we can ﬁnd no
apparent correlation between mass consumption and time for any of the
initial powder quantities used. This result may be due to the manner in
which the powder is agitated. In this process the powder is continually
packed and unpacked against the walls of the AC [20]. If these processes are governed by random or chaotic behavior, we would not expect a simple time dependence in the mass consumption. It can also be
observed in some systems that during the initial startup phase where
the pressure in the AC goes from less than about 0.1 Torr to
300–500 Torr the powder goes through a turbulent pressure regime,
which causes large amounts of powder to ﬂow. It is possible that these
plots largely reﬂect the powder loss during this initial start-up phase or
during initial deposition sweeps.
Studies of mass consumption of diﬀerent materials or of materials
processing may add insight into the powder consumption of AD systems. Recently, granule spray in vacuum (GSV) has been developed to
facilitate better powder ﬂow in the AC and by utilizing a granule feeder
system [29,30]. This approach may provide insight into the eﬀect that
packing has on the mass consumption and ﬁlm formation. It should be
stressed that maximizing powder consumption may not be the intended
goal, instead one wishes to maximize the ratio of ﬁlm mass to powder
consumption. Ideally, every particle that exits the nozzle would impact
the substrate and add to the ﬁlm mass.

The deposition rate given in thickness per time is often used by
researchers of ﬁlm growth, such as pulsed laser deposition and atomic
layer deposition where the entire substrate area is exposed to the process uniformly in time. This diﬀers from techniques such as cold spray,
plasma spray, and AD where the ﬁlm is created by locally directing the
deposition and sweeping across the substrate in time (see for example,
Ref. [31]). Unfortunately, a deposition rate given as a thickness per
time does not work as a good measure of deposition eﬃciency. As a
simple example consider the deposition rate for a 5-μm-thick ﬁlm deposited at a sweep rate of 1 mm/min. The deposition rate will be better
if performed over a 1 mm length (5 μm/min) compared to a 10 mm
length (0.5 μm/min) simply because the nozzle takes time to sweep
longer distances. Perhaps a volume deposition rate would be a better
measure of the deposition rate. This FoM is now a function of the nozzle
width and length of scan. In this case, the lengths involved make it easy
to obfuscate the true output of the system. For example, if a ﬁlm were
created that had a width and a length of 10 mm each and a thickness of
5 μm and a sweep rate of 1 mm/min the volume deposition rate would
be 50 mm2μ m/min. Now by changing the width or length of the ﬁlm
produced by only 1 mm the volume deposition rate improves to
55 mm2μm/min. It can be readily seen how this FoM obscures the true
nature of the deposition rate.
A better gauge of deposition eﬃciency may be borrowed from the
spray paint industry. Spray painting has been used in the automotive
industry for decades and substantial work has been devoted to standardizing the eﬃciency of spray coated parts and materials [32]. The
transfer eﬃciency TE is a measure of how much of the starting material
has adhered to the substrate. We adopt this terminology partially to
make a distinction from the deposition rate as used above. The TE can
be attained by comparing the change in mass of the coated part to the
change in mass of the starting material in the spray reservoir.
Fig. 3. A drawing of a typical masked ﬁlm deposition in AD. The
dark center rectangle of area lﬁlm × wﬁlm represents that actual
ﬁlm deposited through the mask. The lighter outer rectangle of
area lsweep × wsweep represents the deposition overspray onto the
masked region (shown in light grey).

Substrate

Masked Substrate

Overspray onto Mask
Deposited film
on Substrate

wfilm

wsweep

lfilm
lsweep
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depend on the time dependence of Tﬁlm and the mass consumption. For
example, if thickness and mass consumption both depended linearly on
time TEAD/t should be constant in time (or a TEAD linear in time). Exploration of these relationships may provide insight into further modeling and understanding ﬁlm growth. In general, mass consumption and
thickness could depend on several variables and have quite complicated
dependences on time as hinted at in the behavior shown in Fig. 4.

Mathematically, we can write this relationship as

TE =

mfsub −misub
mistock −mfstock

× 100.
(1)

Here, mf and mi refer to the ﬁnal and initial values of mass for the
substrate (sub) and feedstock (paint or powder) (stock). An implicit
assumption in Eq. (1) is that the entire substrate is exposed to the spray
nozzle. In the case of substrate masking typically done in AD, a percentage of the coating mass is intentionally lost as shown in Fig. 3. The
TE of such a ﬁlm may be calculated by assuming that the properties of
the overspray deposited onto the mask do not change signiﬁcantly from
the ﬁlm deposited onto the substrate. The mass of the ﬁlm is then
corrected to the area of the overspray region as
′
mfilm
= Tfilm × lsweep × wsweep × ρfilm .

3.3. Simulations of particle ﬂow and impact
Fig. 5 shows results of a simulation of the gas ﬂow in the NRL AD
system with the nozzle set to a 10 mm standoﬀ distance. The color bar
indicates gas velocity in the x-direction and the black lines represent
massless gas ﬂow line tracers. In the top plot the gas is seen to exit the
nozzle and pass over the substrate and mounting stage and continue
into the pump. The bottom plot of Fig. 5 shows the region near the
nozzle and substrate. The plot shows that the gas attains a high velocity
of about 600 m/s upon exiting the nozzle. Because the pressure right at
the nozzle throat is still much higher than the pressure in the deposition
chamber, there is a very strong expansion of the ﬂow coming out of the
nozzle. The gas velocity decreases signiﬁcantly as a normal shock-wave
is formed due to the interaction of the gas with the substrate and
mounting stage.
Fig. 6 shows two plots of the same conﬁguration as shown in Fig. 5,
but with spherical alumina particles (3.95 g/cm3) of diameter 1.0, 0.75,
0.5, and 0.1 μm placed inside the nozzle at the x = 13 mm location
shown. The top plot shows the particles initially placed toward to
sidewall of the nozzle and the bottom plot shows the particles placed
near the center of the nozzle. The simulation shows that only particles
of diameter 0.75 μm and greater have enough inertia to break free of
the ﬂow lines and impact with the substrate. The simulation also suggests that smaller particles that are located near the center of the nozzle
may approach the substrate closer and therefore may have a better
chance of depositing.
Fig. 7 shows a comparable plot to Fig. 6 for a standoﬀ distance of
7.5 mm. For particles that are placed near the sidewall of the nozzle the
behavior is similar to the 10 mm standoﬀ distance. However, for particles that start near the center of the nozzle, the 0.5 μm diameter

(2)

Here, Tﬁlm is the ﬁlm thickness, lsweep and wsweep are the length and
width of the nozzle sweep, respectively, and ρﬁlm is the density of the
ﬁlm. The TE for AD masked ﬁlms can then be written as

TEAD =

′
mfilm
stock
mi −mfstock

×100 =

Tfilm

lsweep

wsweep

mistock −mfstock

ρfilm

×100
(3)

It can be noted that Eq. (3) may be used regardless of diﬀerent
nozzle sizes, sweep rates, sweep lengths, and sweep types such as rastering. It also incorporates ﬁlm thickness and density, which are commonly measured ﬁlm properties.
Fig. 4 is a plot of TEAD and TEAD/t calculated from Eq. (3) using the
powder consumption data found in Fig. 2 that was performed with a
10 mm sweep length (lsweep) and a 35 mm nozzle width (wsweep). The
ﬁlm density is taken to be 5.04 g/cm3 (95% of theoretical density).
The red points in Fig. 4 are TEAD versus time. The data show that the
TEAD has a wide range in values from 0.045% to 0.142%. Inspection of
the plot indicates that this improvement does not have a strong time
dependence. Similarly, we do not ﬁnd a strong dependence of TEAD on
mfstock or mistock (data not shown). The average TEAD for all of the ﬁlms
was 0.082% with a standard deviation of 0.026%.
The black points show TEAD scaled by the deposition time TEAD/t.
The data collapse into a power law relationship as shown by the dashed
ﬁt line. Explicitly, the ﬁt to the data is TEAD/t = 0.056t −0.773. The
coeﬃcient is a measure of the overall transfer eﬃciency and the exponent is a measure of how constant the transfer eﬃciency is with time.
Since this relation suggests TEAD = t × At −β = At1 −β an exponent value
β < −1 indicates a decreasing TEAD with time and β > −1 indicates an
increasing TEAD with time. A value of β = −1 indicates TEAD that is
constant in time.The value of β = −0.773 found from our ﬁt is consistent with the weakly increasing TEAD with time seen in our data. The
coeﬃcient of the ﬁt, 0.056 can be interpreted as a global parameter of
the system related to the transfer eﬃciency rate, akin to the deposition
rate. In an ideal system, all of the powder consumed is converted to ﬁlm
mass and is independent of time, TEAD/t = 100t −1. The TEAD/t FoM has
several features; 1) it utilizes many of the parameters of the system,
powder mass, sweep area, and time and relates them to the ﬁnal ﬁlm
thickness and density; 2) the data follow a simple time dependent form
that is ﬁt by a simple power-law; 3) the coeﬃcient provides a quantitative way to assess and compare AD systems and material deposition
eﬃciency.
Some additional features of this FoM deserves comment. The fairly
weak time dependence of TEAD is hinted at from the results and interpretation of Fig. 2. This points to the possibility that packing and
clumping of the powder in the AC is having a signiﬁcant eﬀect on the
transfer eﬃciency. One possible explanation is that the amount of
powder exiting the nozzle changes with time. Initially, during start-up,
turbulent ﬂow causes a large amount of powder to ﬂow. As the deposition begins, mass ﬂow decreases as the usable portion of the
powder in the AC is consumed. This is hinted at by the plot of TEAD/t.
Eq. (3) merits further exploration since the form of TEAD/t could

0.14

-1

TE , TE (min )
t

0.12
0.1
0.08
0.06
0.04

TE
TE
t

0.02
0
0

5

10

15

20

25

30

35

Time (min)
Fig. 4. A plot of the transfer eﬃciency (TEAD) and TEAD/t calculated from Eq. (3) versus
time of deposition. The TEAD shows large spread of values, whereas the TEAD/t shows a
power law dependence on time. The average TEAD for all the runs was 0.082%. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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0.5
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Fig. 5. Velocity map of the gas ﬂowing out of a converging nozzle toward a substrate and
mounting stage. The black lines are massless tracers indicating the ﬂow lines of the gas.
The top plot shows an expanded view of the simulation region. The bottom plot shows the
region in the immediate vicinity of the nozzle and substrate highlighting the normal
shockwave that occurs in the gas due to the presence of the substrate and mounting stage.

0.5

0.5

Fig. 7. Velocity map of the gas ﬂowing out of the NRL converging nozzle toward a
substrate and mounting stage at 7.5 mm standoﬀ distance. Spherical particles with density 3.95 g/cm3 and diﬀerent diameters are set into the nozzle at 13 mm location near the
sidewall (top) and center (bottom). The simulation suggests that at a shorter standoﬀ
distance smaller particles have a better chance of depositing if coming from the central
portion of the nozzle.

represent particles starting near the edge of the nozzle (top panel of
Figs. 6 and 7). For the 10 mm (7.5 mm) standoﬀ the centerline particles
attain a maximum velocity between 520 and 640 m/s (480–630 m/s)
before entering the normal shock wave where they abruptly drop in
velocity and are either carried away by the gas (as seen by movement
beyond the substrate) or impact with the substrate. The impact velocities for the 10 mm (7.5 mm) standoﬀ are 250 m/s and 120 m/s
(300 m/s and 220 m/s) for the 1.0 μm and 0.75 μm, respectively. There
is no apparent diﬀerence in impact velocity based on starting location
within the nozzle.
There are several features of these simulations that are worth
commenting. First, the impact velocity and particle sizes that impact
that are found in this simulation match well with the values reported in
the literature [15,20,33,34]. This suggests the simulation may be a
good representation of the AD particle ﬂow. Second, the simulation
demonstrates the importance of nozzle design to focus the particles
toward the nozzle center to maximize impact and therefore TE. Third,
the simulation oﬀers insight into the TE by suggesting that very small
changes in particle size and location in the nozzle can have a large
eﬀect on whether the particles impact the substrate. Fourth, the eﬀect
of nozzle standoﬀ distance appears to be signiﬁcant and may partially
explain the decrease in ﬁlm thickness with increasing standoﬀ distance
found by Chun et al. [19] From the above points, the simulation oﬀers
several avenues to improve the TE of the AD process by tuning particle
size and substrate distance. These results also indicate that particle size
distribution may be an important factor in improving the TE.
To illustrate this principle we have classiﬁed particles into three size
regimes as shown in Fig. 9. The black lines represent the ﬂow lines of
the gas and the circles represent the particles entrained in the gas. In
Fig. 9 particle A is too large and is too massive, so the impact results in
abrasion of the substrate with very little or no deposition occurring.
Particle B has the correct mass to achieve deposition and particle C is
too light to break from the gas ﬂow lines to impact with the substrate.
While the simulations presented here can provide a gauge of the lower
bound (in this case 0.75 μm). Micromechanical simulations must be

0.5

0.5

Fig. 6. Velocity map of the gas ﬂowing out of the NRL converging nozzle toward a
substrate and mounting stage at 10 mm standoﬀ distance. Spherical particles with density
3.95 g/cm3 and diﬀerent diameters are set into the nozzle at 13 mm location near the
sidewall (top) and center (bottom). The simulation suggests that particle diameter has a
signiﬁcant eﬀect on whether the particle will impact the substrate.

particles will also impact the substrate with this shorter distance.
Fig. 8 contains two plots of the x velocity versus distance of each
particle presented. The plot on the left is for the 10 mm standoﬀ distance and the plot on the right is for the 7.5 mm standoﬀ distance. The
vertical dashed lines indicate the locations of the nozzle throat and
substrate in Figs. 6 and 7. The solid lines are for particles starting near
the center of the nozzle (bottom panel in Figs. 6 and 7) and dashed lines
6
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Fig. 8. X-velocity plots of the particles shown in
Figs. 6 (left) and 7 (right) for starting locations
near the sidewall (dashed) and near the center
(solid). The nozzle throat and substrate are indicated by the vertical dashed lines. Movement
past the substrate indicates impact did not occur.

Fig. 9. A drawing representing the aerosol deposition process
with gas ﬂow consideration. The black lines represent the gas
ﬂow lines. Particle A is too massive to achieve deposition resulting in poor adhesion and substrate abrasion. Particle B has
the correct mass to achieve the necessary fracture and deformation upon impact to deposit. Particle C does not have
suﬃcient mass to break free from the gas ﬂow lines and is
carried away before impacting the substrate.

A

C

B

Substrate

explored to determine the impact behavior of particle A. It can also be
inferred from the simulations and mass consumption results that to
improve TEAD nozzle design must be optimized, particle size must be
carefully selected, standoﬀ distance must be selected, and the powder in
the AC must be delivered at an optimal rate. These factors may be individually tuned to contribute to the ﬁnal TEAD FoM that can be used to
assess the eﬃciency of the AD process.

individually tuned to contribute to the ﬁnal TEAD FoM that can be used
to assess the eﬃciency of the AD process.

4. Conclusion
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We present results of powder mass consumption of barium hexaferrite powder over a wide range of starting powder quantities and
deposition time durations. We use these data to form a transfer eﬃciency ﬁgure of merit for AD growth comparisons that is more accurate
description of the process than those utilized currently. We ﬁnd that the
transfer eﬃciency of barium hexaferrite for the KIMS AD system was
0.08% and the transfer eﬃciency rate coeﬃcient was 0.056 min −1 with
a decay factor of −0.773. We present ﬂow simulations of the NRL AD
system using diﬀerent particle sizes and standoﬀ distances. We ﬁnd that
impact with the substrate strongly depends on the particle size, particle
location within the nozzle, and standoﬀ distance. We ﬁnd that to improve TEAD nozzle design must be optimized, particle size must be
carefully selected, standoﬀ distance must be selected, and the powder in
the AC must be delivered at an optimal rate. These factors may be
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